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We present measurements of interspecies thermalization between ultracold samples of 133Cs and ei-
ther 174Yb or 170Yb. The two species are trapped in a far-off-resonance optical dipole trap and 133Cs
is sympathetically cooled by Yb. We extract effective interspecies thermalization cross sections by
fitting the thermalization measurements to a kinetic model, giving σCs174Yb = (5± 2)× 10−13 cm2
and σCs170Yb = (18± 8)× 10−13 cm2. We perform quantum scattering calculations of the thermal-
ization cross sections and optimize the CsYb interaction potential to reproduce the measurements.
We predict scattering lengths for all isotopic combinations of Cs and Yb. We also demonstrate the
independent production of 174Yb and 133Cs Bose-Einstein condensates using the same optical dipole
trap, an important step towards the realization of a quantum-degenerate mixture of the two species.
The realization of ultracold atomic mixtures [1–12] has
opened up the possibility of exploring new regimes of
few- and many-body physics. Such mixtures have been
used to study Efimov physics [13–15], probe impurities in
Bose gases [16], and entropically cool gases confined in
an optical lattice [17]. Pairs of atoms in the mixtures can
be combined using magnetically or optically tunable Fes-
hbach resonances to create ultracold molecules [18–26].
These ultracold molecules have a wealth of applications,
such as tests of fundamental physics [27–29], realization
of novel phase transitions [30–32], and the study of ul-
tracold chemistry [33, 34]. In addition, the long-range
dipole-dipole interactions present between pairs of polar
molecules make them useful in the study of dipolar quan-
tum matter [35, 36] and ultracold molecules confined in
an optical lattice can simulate a variety of condensed-
matter systems [37–39].
Although the large majority of work on ultracold
molecules has focused on bi-alkali systems, there is bur-
geoning interest in pairing alkali-metal atoms with diva-
lent atoms such as Yb [40–45] or Sr [46]. The heteronu-
clear 2Σ molecules formed in these systems have both an
electric and a magnetic dipole moment in the ground elec-
tronic state. The extra magnetic degree of freedom opens
up new possibilities for simulating a range of Hamiltoni-
ans for spins interacting on a lattice and for topologically
protected quantum information processing [47].
One of the challenging aspects of creating molecules
in these systems is that the Feshbach resonances tend
to be narrow and sparse. They are narrow because
the main coupling responsible for them is the weak dis-
tance dependence of the alkali-metal hyperfine coupling,
caused by the spin-singlet atom at short range [48]. They
are sparse because only molecular states with the same
value of the alkali-metal magnetic quantum number MF
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as the incoming atomic channel can cause resonances.
The resonance positions are determined by the (often
unknown) background scattering length [48, 49], and
for some systems may be at impractically high mag-
netic fields. Amongst the various alkali-Yb combinations,
CsYb has been proposed as the most favorable candidate
because the high mass of Cs facilitates a higher density of
bound states near threshold and its large hyperfine cou-
pling constant increases the resonance widths [49]. How-
ever, the short-range part of the molecular ground-state
potential is not known accurately enough to predict back-
ground scattering lengths, so experimental characteriza-
tion is essential before accurate predictions of resonance
positions and widths can be made.
Here we present simultaneous optical trapping of Cs
and Yb and first measurements of the scattering prop-
erties of 133Cs+174Yb and 133Cs+170Yb. We measure
interspecies thermalization in the optical dipole trap and
use a kinetic model to extract effective thermalization
cross sections. We model these cross sections using quan-
tum scattering calculations, taking full account of the
anisotropy of differential cross sections and thermal aver-
aging. We obtain an optimized interaction potential and
use it to make predictions of the scattering lengths for
all accessible isotopologs. For all isotopes except 176Yb,
binary quantum-degenerate mixtures of Cs and Yb are
expected to be miscible at fields around 22 G, where the
Efimov minimum in the three-body recombination rate
allows efficient evaporation of Cs to quantum degeneracy
[50].
I. EXPERIMENT
A detailed description of our experimental apparatus
can be found in [51], but we will summarize the main
components here. Cs and Yb magneto-optical traps
(MOTs) are sequentially loaded from an atomic beam
that effuses from a dual-species oven and is slowed by a
dual-species Zeeman slower [52]. The Cs atomic beam is
ar
X
iv
:1
70
4.
03
27
0v
2 
 [p
hy
sic
s.a
tom
-p
h]
  1
6 J
ul 
20
17
2FIG. 1. Optical layout of the science chamber in the horizon-
tal plane. The Cs (Yb) imaging beam is combined with the
Cs (Yb) MOT beam using a polarizing beam splitter (dichroic
mirror) and then separated after the chamber and aligned
onto a CCD camera. The Raman lattice beams used for
DRSC are split using a polarizing beam splitter, with one arm
retro-reflected and the other arm dumped after the first pass.
The ODT used for thermalization measurements is referred to
as the “dimple trap” to distinguish it from the large-volume
“reservoir trap” that is used for the preparation of Cs BEC.
slowed and trapped in the MOT using the 2S1/2 → 2P3/2
transition at λ = 852 nm. For Yb we use the broad 1S0 →
1P1 transition at λ = 399 nm (Γ/2pi = 29 MHz) for Zee-
man slowing and absorption imaging, and the narrow
1S0 → 3P1 transition at λ = 556 nm (Γ/2pi = 182 kHz)
for laser cooling in the MOT. The optical layout of our
science chamber is shown in Fig. 1.
The thermalization measurements presented here take
place in an optical dipole trap (ODT) formed from the
output of a broadband fiber laser (IPG YLR-100-LP)
with a wavelength of 1070± 3 nm. The ODT consists
of two beams crossed at an angle of 40◦ with waists of
33 ± 3µm and 72 ± 4µm respectively. The intensity of
each beam is independently controlled by a water-cooled
acousto-optic modulator. Yb has a moderately low po-
larizability at the trapping wavelength (αYb (1070 nm) =
150 a30) so that, for the powers used in the thermaliza-
tion measurements, Yb atoms are trapped only in the
part of the potential where the axial confinement is pro-
vided by the second ODT beam. Cs, on the other hand,
has a much larger polarizability at the trapping wave-
length (αCs (1070 nm) = 1140 a
3
0), creating a trap deep
enough that Cs atoms are confined both inside and out-
side the crossed-beam region of the ODT. Some Cs atoms
thus experience a trapping potential dominated by just
a single ODT beam.
A summary of the experimental sequence used for the
thermalization measurements is shown in Fig. 2. The
two species are sequentially loaded into the dipole trap to
avoid unfavorable inelastic losses from overlapping MOTs
[53]. We choose to prepare the Yb first due to the much
longer loading time of the MOT and its insensitivity to
magnetic fields. We first load the Yb MOT for 10 s,
preparing 5×108 atoms at T = 140µK [54], before ramp-
ing the power and detuning the MOT beams to cool the
atoms to T = 40µK. We load 1.8 × 107 atoms into the
ODT with a trap depth of UYb = 950µK. We then evap-
oratively cool the atoms by exponentially reducing the
trap depth to UYb = 5µK in 7 s, producing a sample
of 1 × 106 Yb atoms at a temperature of T = 550 nK.
At this stage the Yb trap frequencies as measured by
center-of-mass oscillations are 240 Hz radially and 40 Hz
axially.
Once the Yb is prepared in the dipole trap, the Cs
MOT is loaded for 0.15 s, at which point the MOT con-
tains 1×107 atoms. The Cs MOT is then compressed via
ramps to the magnetic field, laser intensity and detuning
before it is overlapped with the ODT using magnetic bias
coils. The Cs atoms are then further cooled by optical
molasses before transfer into a near-detuned lattice with
P = 100 mW, where the atoms are then polarized in the
|F = 3,mF = +3〉 state and cooled to T = 2µK with
8 ms of degenerate Raman sideband cooling (DRSC).
During this stage 9× 104 atoms are transferred into the
ODT and the magnetic bias field is set to 22.3 G, corre-
sponding to the Efimov minimum in the Cs three-body
recombination rate [50]. During the transfer the atoms
are heated to T = 5µK. The heating and poor effi-
ciency of the transfer into the ODT are due to the poor
mode matching of the DRSC-cooled cloud and the deep
ODT (UCs = 85µK). This huge ratio of trap depths
UCs/UYb = 15.5 is greater than the (still large) ratio of
the polarizabilities αCs/αYb = 7.2 due to the effect of
gravity on the weak Yb trap. The ratio of the mean trap
frequencies between the two species is ωCs/ωYb = 3.1.
The thermalization measurements thus begin with a
mixture of 1× 106 Yb atoms in their spin-singlet ground
state 1S0 and 9× 104 Cs atoms in their absolute ground
state 2S1/2 |3,+3〉. For each experimental run the num-
ber and temperature are determined by quickly turning
off the ODT after a variable hold time and performing
resonant absorption imaging of both species after a vari-
able time of flight.
Figure 3 shows the number and temperature evolu-
tion of Cs and 174Yb atoms, with and without the other
species present. The smaller initial number of Cs atoms
is chosen to reduce the density of Cs such that the effects
of three-body recombination play a relatively small role
in the thermalization [55]. Treatment of the number evo-
lution of the Cs atoms requires careful attention due to
the presence of Cs atoms both in the crossed-beam region
of the trap and in the wings, where confinement is due
to only a single ODT beam. Although the Cs atoms in
the crossed- and single-beam regions are in thermal equi-
librium, the atoms have different density distributions
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FIG. 2. Simplified experimental sequence. The Yb MOT is loaded, then cooled and compressed to facilitate subsequent loading
into an ODT. The Yb is then evaporated in the ODT by ramping the trap depth until a temperature of T = 550 nK is reached.
The displaced Cs MOT is loaded before it is compressed, cooled and transferred into a near-detuned optical lattice for DRSC.
The DRSC stage loads Cs into the ODT, where it is held with Yb for a variable time t before the trap is switched off and the
atoms are destructively imaged after a variable time of flight using dual-species absorption imaging.
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FIG. 3. Results of thermalization experiments. (a) and (b) show the evolution of the Cs number and temperature as a function
of hold time t. (c) and (d) show the 174Yb number and temperature as a function of the same hold time. Filled symbols
indicate the presence of both Cs and 174Yb in the ODT, whereas open symbols indicate the presence of only one species in
the trap. For the Cs number, triangles indicate the number in the single-beam region of the trap and circles the number in
the crossed-beam region, while dotted lines show the interpolating functions used to constrain the Cs number in the model.
The dashed line shows the result of our kinetic model with only one species trapped and the solid line shows the result for the
two-component mixture.
due to the different potentials experienced. This is an
important effect to consider when calculating the spatial
overlap of the Cs and Yb atoms. We observe an increase
in the number of Cs atoms trapped in the crossed-beam
region of the trap in the presence of Yb, which we at-
tribute to interspecies collisions aiding the loading of this
region. We do not observe any Cs atoms loaded into the
crossed-beam portion of the trap in the absence of Yb,
so the number is not plotted in this case. For the Cs
atoms in the single-beam region, we estimate the axial
trapping frequency to be the same as for a single-beam
trap, 5 Hz, and the radial frequencies to be the same as
in the crossed-beam region.
We observe a decay of the Yb number throughout the
thermalization. The timescale of this decay is much
shorter than the single-species 1/e background lifetime
of 15 s and we attribute the number loss to sympathetic
evaporation [2]. The small change in the Yb temper-
ature is explained in part by the evaporation of hot-
ter atoms and also by the large number ratio NYb/NCs,
which causes the final mean temperature of the sample to
be close to the initial Yb temperature. In contrast to Yb,
we observe a large change in the temperature of the Cs
atoms for short times due to elastic collisions with the Yb
atoms. However, for longer times we see the two species
reach a steady state at two distinct temperatures. The
higher final temperature for Cs results from a Cs heating
rate that balances the sympathetic cooling rate.
4II. RATE EQUATIONS FOR
THERMALIZATION
To model the thermalization results, we formulate a
set of coupled equations that describe the number and
temperature kinetics. We expand upon the usual treat-
ment [41, 42, 56, 57] by including terms for evaporation
[58] and single-species three-body recombination [59] as
described in the Appendix. The coupled equations for
the number Ni and temperature Ti of the two species are
N˙i = −Niγiiηi exp(−ηi)−KbgNi −Ki,3
〈
n2i
〉
sp
Ni, (1)
T˙i = ηi exp(−ηi)γii
(
1− ηi + κi
3
)
Ti +Ki,3
〈
n2i
〉
sp
(Ti + Ti,H)
3
± ξΓCsYb∆T (t)
3Ni
+ T˙i,ODT, (2)
where i = {Yb,Cs}, ηi = Ui/kBTi, and κi =
(ηi − 5) / (ηi − 4) [60]. Kbg is the background loss rate,
Ki,3 is the three-body loss coefficient, ni(r) is the den-
sity and 〈. . .〉sp represents a spatial average. Ti,H is the
recombination heating term, which accounts for the in-
crease in temperature due to the release of the molecular
binding energy during recombination [59]. We choose to
neglect the three-body loss coefficient for Yb, KYb,3, be-
cause we do not observe any evidence of three-body loss
on the experimental timescale in single-species Yb exper-
iments. The Cs three-body loss coefficient is measured
to be KCs,3 = 1
+1
−0.9 × 10−26 cm6/s at the bias field used
in the measurements. In addition to the above terms,
T˙i,ODT is added as an independent heating term to ac-
count for any heating from the trapping potential, such
as off-resonant photon scattering [61] or additional heat-
ing effects due to the multi-mode nature of the trapping
laser [62–65]. The heating rate for Yb alone is found to
be zero within experimental error, so T˙Yb,ODT is fixed at
1 nK/s, which is the predicted heating rate due to off-
resonant photon scattering. Eq. 2 uses the fact that the
average energy transferred in a hard-sphere collision is
ξkB∆T , where ξ = 4mCsmYb/ (mCs +mYb)
2
, mi is the
mass of species i, and ∆T = TCs − TYb.
The effective intraspecies collision rate per atom for
thermalization is γii = 〈ni〉sp σiiv¯ii, where σii is an ef-
fective energy-independent scattering cross section. In a
hard-sphere model, the effective total interspecies colli-
sion rate is ΓCsYb = n¯CsYbσCsYbv¯CsYb, where the mean
thermal velocity v¯ij is
v¯ij =
√
8kB
pi
(
Ti
mi
+
Tj
mj
)
(3)
and the spatial overlap n¯CsYb is found by integrating the
density distributions of the two species,
n¯CsYb =
∫
[nCs,single (r) + nCs,cross (r)]nYb (r) d
3r
= NYb
m
3/2
Yb ω
3
Yb
2pikB
 NCs,single(
TYb + β
−2
singleTCs
)3/2 + NCs,cross(
TYb + β
−2
crossTCs
)3/2
 . (4)
Here ωYb = 3
√
ωxωyωz is the mean Yb trap frequency
and β2j is defined by β
2
jmYbω
2
Yb = mCsω
2
Cs,j . Here j =
{single, cross} denotes the different cases for Cs atoms
trapped in the crossed- and single-beam regions.
Due to the large difference in trapping potentials be-
tween the two species, Yb experiences a greater gravita-
tional sag than the tightly trapped Cs. For the case of
two clouds spatially separated by ∆z, the spatial overlap
must be reduced by a factor Fz (∆z), where
Fz (∆z) = exp
(
− mYbω
2
Yb,z∆z
2
2kB
(
TYb + β
−2
crossTCs
)) . (5)
III. ANALYSIS OF RESULTS
The coupled equations (1) and (2) are solved numeri-
cally. We perform least-squares fits to the experimental
results to obtain optimal values of the parameters σCsYb,
TCs,H and T˙Cs,ODT. The solid lines in Fig. 3 show the re-
sults of the fitted model, while the dashed lines show the
results in the absence of interspecies collisions. Fig. 3(a)
does not include model results, because our analysis does
not include the kinetics of Cs atoms entering and leav-
ing the crossed-beam region. We instead constrain the
number of Cs atoms inside and outside this region using
5interpolating functions (dotted lines in figure) matched
to the experimentally measured values.
Since the origin of the heating present on long
timescales is unknown, we initially fitted both TCs,H
and T˙Cs,ODT. We found that these two parameters
are strongly correlated, with a correlation coefficient of
0.99 [66]. We therefore choose to extract the param-
eter T˙Cs,Heat corresponding to the total heating rate
from both recombination heating and heating due to
the ODT. As shown in Fig. 3, the best fit, correspond-
ing to σCs174Yb = (5± 2)× 10−13 cm2 and T˙Cs,Heat =
4 ± 1µK/s, describes the dynamics of the system well.
The large fractional uncertainty in the value of the elas-
tic cross section is primarily due to the large uncertainty
in the spatial overlap. We have investigated the effect
of systematic errors in the measured parameters of our
model and found that the uncertainty in the trap fre-
quency is dominant, and is larger than the statistical
error. Inclusion of the correction of (5) is important be-
cause the weaker confinement of Yb produces a vertical
separation between the two species, reducing the spatial
overlap. Initially Fz (∆z) ∼ 0.75. Over the timescale of
the measurement the spatial overlap reduces further due
to the decreasing width of the Cs cloud as it cools. The
final value of Fz (∆z) ∼ 0.6.
Although the total heating rate is large, T˙Cs,Heat =
4± 1µK/s, it results from the sum of two heating mech-
anisms, recombination heating and heating from the op-
tical potential. The value for recombination heating
is reasonable because the Cs trap depth of 85 µK is
large enough to trap some of the products of the three-
body recombination event. For our scattering length,
aCsCs ≈ 250 a0, TCs,H is still within the range from 2/9
to /3 proposed by the simple model in Ref. [59], where
 = ~2/mCs (aCsCs − a¯)2 with a¯ = 95.5 a0 for Cs. We also
cannot rule out any heating effects due to the broad-
band, multi-mode nature of the trapping laser [62–65]
which may inflate the value of T˙Cs,Heat above the simple
estimate of 60 nK/s based upon off-resonant scattering
of photons. We find that varying the value of the total
trap heating rate T˙Cs,Heat over a large range changes the
extracted cross section by less than its error.
For the measurements presented in Fig. 3, we delib-
erately use a low initial density of Cs atoms to avoid
three-body recombination collisions dominating the ther-
malization. This necessitates use of the weakest possible
trap and restricts the number of Cs atoms to 9 × 104.
However, due to the large ratio of polarizabilities be-
tween Cs and Yb (and the effect of gravity), this re-
sults in a very shallow trap for Yb. Preparation of Yb
atoms in this shallow trap requires that the intraspecies
scattering length be favorable for evaporation, currently
limiting the Yb isotopes we can study to 170Yb and
174Yb. In Fig. 4 we present our thermalization mea-
surements for 170Yb alongside those for 174Yb. From
the fit to the temperature profile we extract an effec-
tive cross section σCs170Yb = (18± 8)× 10−13 cm2 and
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FIG. 4. Thermalization measurements of Cs (red circles) and
Yb (green squares) as a function of hold time in the ODT
with the other species present. The filled symbols are for
174Yb as coolant and open symbols are for 170Yb as coolant.
The solid (dotted) lines shows the best fit of our model with
174Yb (170Yb) as coolant.
T˙Cs,Heat = 5± 2µK/s. The larger interspecies cross sec-
tion allows Cs to be cooled to a lower equilibrium temper-
ature than with 174Yb. Due to the difference in the natu-
ral abundance (31.8% for 174Yb and 3.0% for 170Yb [67])
and the intraspecies scattering lengths (a174 = 105 a0 and
a170 = 64 a0 [68]), we obtain a number of
170Yb atoms
that is half that of 174Yb, leading to a greater final tem-
perature for 170Yb.
IV. CALCULATED CROSS SECTIONS AND
EXTRACTION OF SCATTERING LENGTHS
Except near narrow Feshbach resonances, CsYb colli-
sions can be treated as those of two structureless parti-
cles with an interaction potential V (R), which behaves at
long range as −C6R−6. The scattering length for such a
system may be related to vD, the non-integer vibrational
quantum number at dissociation, by
a = a¯
[
1− tan (vD + 12)pi] , (6)
where a¯ = 0.477988 . . . (2µC6/~2)−1/4 is the mean scat-
tering length [69] and µ is the reduced mass. For CsYb,
with ∼ 70 bound states [49], changes in the Yb isotope
alter vD by less than 1, so that the scattering lengths for
all possible isotopologs may be placed on a single curve.
Determination of the scattering length for one isotopolog
allows predictions for all others.
The connection between scattering lengths and effec-
tive cross sections for thermalization may be made at var-
ious different levels of sophistication. At the lowest tem-
peratures, thermalization is governed by the elastic cross
section σel = 4pia
2. Various energy-dependent correc-
tions to σel may be included, from effective-range effects
or higher partial waves. However, when higher partial
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FIG. 5. Top panel: Thermalization cross sections as a function of reduced mass, calculated on potentials optimized using the
thermally averaged σ
(1)
η given by Eq. 7 (black solid line) and the approximation σ = 4pia
2 (red dashed line). Points show
experimentally measured cross sections and error bars correspond to 1 standard deviation. Bottom panel: Calculated scattering
length as a function of reduced mass for the potential optimized using σ
(1)
η . Vertical lines correspond to stable isotopes of Yb.
Horizontal lines correspond to 0, a¯ and 2a¯.
waves contribute to the scattering, it is important to re-
place σel with the transport cross section σ
(1)
η , which ac-
counts for the anisotropy of the differential cross section
[70, 71]. p-wave scattering contributes to σ
(1)
η at consid-
erably lower energy than to σel, because of the presence
of interference terms between s waves and p waves.
In the present work we calculate σ
(1)
η explicitly from
scattering calculations as described in Ref. [71], using
the CsYb interaction potential of Ref. [49]. The resulting
energy-dependent cross sections are thermally averaged
[70],
σCsYb(T ) =
1
2
∫ ∞
0
x2σ(1)η (x)e
−x dx, (7)
where x = E/kBT is a reduced collision energy. The
thermal average is performed at the temperature T =
µ(TCs/mCs + TYb/mYb) that characterizes the relative
velocity. Note that Eq. 7 contains an extra factor of x
because higher-energy collisions transfer more energy for
the same deflection angle.
The scattering length of Eq. 6 depends only on the
fractional part of vD. Small changes in the integer part
of vD have little effect on the quality of fit. We therefore
choose to fit the experimental cross sections by varying
the interaction potential of Ref. [49] by the minimum
amount needed, retaining the number of bound states.
We vary the magnitude of its short-range part by a factor
λ to vary the scattering length, while keeping the long-
range part −C6R−6 fixed, with C6 taken from Ref. [49].
We perform scattering calculations using the MOLSCAT
package [72], with the SBE post-processor [73] to evaluate
σ
(1)
η from S-matrix elements.
We obtain optimal values of the potential scaling fac-
tor λ by least-squares fitting to the experimental cross
sections. The fit using cross sections from Eq. 7 is
shown by the solid line in the upper panel of Fig. 5.
Also shown (dashed line) is a fit using the approxima-
tion σ = 4pia2, with a obtained from scattering calcu-
lations using MOLSCAT. The full treatment of Eq. (7)
gives a better fit than the approximation, and it may be
seen that there are much larger deviations between the
two approaches for other reduced masses. Even though
the temperatures of both species are well below the p-
wave barrier height of ∼ 40 µK, there is still consider-
able tunneling through the barrier, which makes impor-
tant contributions to the thermalization cross sections
σ
(1)
η because of the interference between s-wave and p-
wave scattering. The deviations between the approaches
are particularly large where a is close to 2a¯, producing
a p-wave shape resonance [74], and there is also a sharp
feature where a is close to a¯, producing a d-wave shape
resonance.
The scattering lengths predicted using the best fitted
interaction potential are shown in the lower panel of Fig.
5 for all isotopologs of CsYb. The statistical uncertain-
7FIG. 6. Bose-Einstein condensation of 174Yb by evaporative
cooling. The top panels show absorption images taken after
a 25 ms time of flight. The bottom panels show the corre-
sponding horizontal cross-cuts through the images. The laser
power of the optical dipole trap is gradually reduced, cool-
ing the atoms from a thermal cloud at TYb = 500 nK (left),
across the BEC transition to TYb = 300 nK (middle). Fi-
nally, at the end of evaporation a pure condensate (right) is
produced containing 3× 105 atoms.
ties in the scattering lengths are quite small, a = 90± 2
a0 for Cs
170Yb and −60 ± 9 a0 for Cs174Yb. The frac-
tional error is smaller for 170Yb than for 174Yb, because
Cs170Yb is in a region of reduced mass µ where a varies
only slowly with µ and is mostly determined by a¯, which
is accurately known. The systematic uncertainties aris-
ing from errors in the number of bound states and the ki-
netic modeling are harder to quantify, but the qualitative
features should nevertheless be reliable. The calculated
interspecies scattering lengths are moderately positive for
Yb isotopes from 168 to 172, close to zero for 173, and
moderately negative for 174. The scattering length for
Cs176Yb is predicted to be very large, which may produce
relatively broad Feshbach resonances [49].
V. TOWARDS A DOUBLY DEGENERATE
MIXTURE
In our current system, we can independently cre-
ate Bose-Einstein condensates of Cs and the two Yb
isotopes with positive intraspecies scattering lengths
and workable abundance, 174Yb and 170Yb. The cre-
ation of a miscible two-species condensate requires that
g2CsYb < gYbYb gCsCs, where the interaction coupling con-
stants are [75]
gij = 2pi~2aij
(
mi +mj
mimj
)
. (8)
The interspecies scattering lengths obtained above show
that both Cs+174Yb and Cs+170Yb BEC mixtures will
FIG. 7. Bose-Einstein condensation of Cs by evaporative cool-
ing. The top panels show absorption images taken after 50 ms
of levitated time of flight. The bottom panels show the corre-
sponding horizontal cross-cuts through the images. The laser
power of the optical dipole trap is gradually reduced, cooling
the atoms from a thermal cloud at TCs = 70 nK (left), across
the BEC transition to TCs = 50 nK (middle). Finally, at the
end of evaporation a pure condensate (right) is produced con-
taining 5× 104 atoms.
be miscible at the magnetic field required to minimize
the Cs three-body loss rate. Moreover, Fig. 5 shows that
the interspecies scattering length is predicted to be of
moderate magnitude (< 200 a0) for all Yb isotopes ex-
cept 176Yb. It should thus also be possible to create sta-
ble, miscible quantum-degenerate Cs+Yb mixtures for
the less abundant 168Yb bosonic isotope and the two
fermionic isotopes, 171Yb and 173Yb. Note that the in-
traspecies scattering length for 172Yb is large and nega-
tive [68], precluding the creation of a large condensate.
The realization of a doubly degenerate mixture will re-
quire a trapping arrangement for both species that bal-
ances their individual requirements. As a first step, we
have created individual BECs of 174Yb and Cs in the
same apparatus. The differing requirements of the two
species are highlighted by the different routes we use to
create the two condensates. For 174Yb, the initial steps
are the same as in preparing the 174Yb gas for the ther-
malization measurements (see Fig. 2), where the sample
is loaded into the ODT at high power and evaporatively
cooled. However, for BEC the evaporation is continued
until the temperature is below the critical temperature,
Tc,Yb ≈ 350 nK, with the power in the ODT ramped
down to around 400 mW. Figure 6 shows the transi-
tion to BEC for 174Yb. We typically produce pure 174Yb
BECs containing 3 to 4× 105 atoms.
Preparation of a Cs BEC is a contrasting case. The
scattering properties of Cs make the evaporative cooling
approach used for 174Yb impractical. We follow the ap-
proach of Ref. [76] and use DRSC to pre-cool a sample
of 5 × 107 atoms to a temperature TCs = 2µK. These
atoms are then transferred into a large-volume crossed
8Parameter 174Yb Cs
U/kB (µK) 2.5 0.5
ω¯/2pi (Hz) 110 45
PDimple (mW) 400 3
Tc (nK) 350 60
N (Tc) 9× 105 8× 104
TABLE I. Parameters for Cs and 174Yb at the BEC transition.
dipole trap which we call the reservoir trap (see Fig. 1).
The reservoir trap is created using a 50 W fiber laser (IPG
YLR-50-LP) operating at 1070± 3 nm and is formed by
two 20 W beams crossing at an angle of 25◦, with waists
440± 10µm and 640± 20µm. We initially load 1.5× 107
atoms into the reservoir at TCs = 2.3µK. We then trans-
fer 9× 105 of these atoms into the ODT used previously
for thermalization measurements (and for 174Yb BEC);
this is also known as the dimple trap. The bias field
is then reduced to 22.3 G to optimize the ratio of elas-
tic to three-body recombination collisions [77] and the
sample is evaporatively cooled by reducing the dimple
laser power over 2.5 s. The onset of degeneracy occurs at
Tc,Cs ≈ 60 nK, with the power in the dimple reduced to
just 3 mW. The BEC transition for Cs is shown in Fig. 7.
We typically obtain pure condensates of 4 to 5 × 104
atoms.
Simultaneously creating Cs and Yb BECs in the same
optical dipole trap will be very challenging. Table I il-
lustrates that the final trapping powers needed for the
independent creation of Cs and Yb BECs are very differ-
ent. The final trap for 174Yb requires 400 mW of opti-
cal power at 1070 nm, whereas that for Cs requires just
3 mW, even though the trap depths differ by only a factor
of 5. The large difference in power stems from the com-
bined effects of the large ratio of the polarizabilities at
1070 nm (αCs/αYb = 7.2) and gravity reducing the depth
of the Yb potential. Additionally, the two species require
very different traps for efficient evaporative cooling. Cs
demands careful management of the three-body loss rate
throughout evaporation, requiring more relaxed trapping
frequencies and necessitating the use of a reservoir and
a dimple trap. By contrast, 174Yb evaporates most effi-
ciently in a tight trap with large trapping frequencies, due
to its much lower three-body loss coefficient [78]. These
differences suggest that double degeneracy is unfeasible
in the current trapping arrangement.
One solution is to create a tunable optical dipole trap
for Cs using a trap wavelength between the Cs D1 and D2
lines. In this region the Cs polarizability varies from large
positive to large negative values while the Yb polarizabil-
ity remains almost unchanged. This will allow the ratio
of the trap depths (and trap frequencies) to be tuned to
a value more favorable for simultaneous cooling of both
species. However, due to the relatively low detuning from
atomic resonances, photon scattering may become a sig-
nificant issue for Cs during evaporation. Nevertheless,
such a trap could be used to combine two BECs after
independent evaporation.
An alternative approach is the use of a bichromatic
trap at 532 nm and 1064 nm. The negative polarizability
of Cs at 532 nm (αCs (532 nm) = −210 a30) balances the
large positive polarizability at 1070 nm (αCs (1070 nm) =
1140 a30). Because the dominant transition of Yb is
at λ = 399 nm, Yb is trapped at both wavelengths
(αYb (532 nm) = 240 a
3
0, αYb (1070 nm) = 150 a
3
0). Tun-
ing the power of the 532 nm trap lasers thus allows the
ratio of trap depths for the two species to be tuned to a
suitable value [10, 41].
VI. CONCLUSIONS
We have measured thermalization in an ultracold mix-
ture of Cs and Yb. We have used a kinetic model
to determine the cross sections for interspecies ther-
malization, taking account of additional heating effects
that prevent complete thermalization of the two species.
We obtain values of σCs174Yb = (5± 2)× 10−13 cm2 and
σCs170Yb = (18± 8)× 10−13 cm2. We have carried out
quantum scattering calculations of the thermalization
cross sections, taking account of anisotropic scattering
and thermal averaging, and fitted the short-range part
of the CsYb interaction potential to reproduce the ex-
perimental results. We have used the resulting interac-
tion potential to calculate scattering lengths for all iso-
topologs of CsYb.
The interspecies Cs+Yb scattering lengths are pre-
dicted to have moderate magnitudes (< 200 a0) for all
Yb isotopes except 176Yb, with good prospects of creat-
ing doubly degenerate mixtures. We have cooled both
174Yb and Cs to degeneracy in the same apparatus, but
cooling both species to degeneracy in the same optical
trap will be challenging, as illustrated by the contrast-
ing routines we use to produce independent BECs of the
two species. We have discussed the use of a tunable-
wavelength or bichromatic optical trap that should allow
co-trapping of quantum-degenerate Cs+Yb mixtures.
The optimized CsYb potential will assist direct mea-
surements of the CsYb binding energies using two-photon
photoassociation spectroscopy [68, 79]. Precise determi-
nation of the near-threshold bound states of the molecu-
lar potential will allow the accurate prediction and subse-
quent experimental search for Feshbach resonances that
can be used in magnetoassociation to form ultracold 2Σ
CsYb molecules.
The data presented in this paper are available online
[80].
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Appendix: Modeling Thermalization
In order to simulate sympathetic cooling of two dis-
tinct atomic species, a simple kinetic model can be used.
Here we will derive a system of 4 coupled equations which
describe the evolution of the number (NCs, NYb) and
temperature (TCs, TYb) of the two species. These can
then be solved numerically for given initial conditions
and be compared with experimental results (see, for ex-
ample, Fig. 3). Differentials with respect to time are de-
noted with a dot above the symbol, for example N˙ . Here
we draw together different elements from several similar
models [41, 42, 56–60, 81].
We first consider single-species effects, starting with
evaporative cooling. If the temperature of the species
is not far enough below the trap depth Ui then atoms
with sufficient energy may evaporate from the trap.
The dimensionless parameter ηi = Ui/kBTi characterizes
the trap depth relative to the temperature. Assuming
that kBTi is small compared to Ui, atoms with energy
greater than the trap depth are produced at a rate of
Γiiηi exp(−ηi) [58, 81]. The total effective hard-sphere
elastic collision rate Γii is conveniently written as Niγii
where the effective mean collision rate per atom is
γii = 〈ni〉sp σiiv¯ii, (A.1)
where σii is the elastic scattering cross-section, v¯ii =√
16kBTi/pimi is the mean velocity, mi is the mass of
species i, and the mean density is given by
〈ni〉sp =
Ni
8
(
miω
2
i
pikBTi
)3/2
, (A.2)
where ωi = 3
√
ωxωyωz is the mean trap frequency. When
an atom evaporates from the trap, it carries away an
average energy evap = (ηi + κi)kBTi, where κi = (ηi −
5)/(ηi − 4) [60]; this expression for κi is appropriate if
kBTi  Ui and Ui is harmonic near the minimum, as
is the case in our experiment. The evolution of number
and total energy of the ensemble due to evaporation is
therefore
N˙i,evap = −Niγiiηi exp(−ηi), (A.3)
E˙i,evap = (ηi + κi)kBTiN˙i,evap. (A.4)
The evolution of the temperature can be derived from
the relation 3kB
(
TiN˙i + T˙iNi
)
= E˙i, to give
T˙i,evap = ηi exp (−ηi) γii
(
1− ηi + κi
3
)
Ti. (A.5)
If present, inelastic or reactive two-body collisions
could also be included in this model. However, since both
Cs and Yb are in their absolute ground state, two-body
collisional losses are fully suppressed for our case.
The effect of collisions with background gas is included
through the terms
N˙i,bg = −KbgNi, (A.6)
E˙i,bg = 3kBTiN˙i,bg, (A.7)
where Kbg is the background loss rate, which is taken to
be the same for both species. There is no corresponding
change in temperature as the loss does not preferentially
affect either warmer or cooler atoms.
The inclusion of three-body collisions is essential for
this system, due to the large three-body loss coefficient
in Cs. The loss rate is given by
N˙i,3 = −Ki,3
〈
n2i
〉
sp
Ni, (A.8)
where
〈
n2i
〉
sp
=
√
64/27 〈ni〉2sp and Ki,3 is the three-body
loss coefficient. Because of the density dependence of
three-body collisions, atoms are preferentially lost from
the high-density region near the center of the trap. The
potential energy in this region is lower than the ensem-
ble average, meaning an average excess energy of 1 kBT
remains in the trap for each atom that is lost [59]. In
addition to this effect, when three-body recombination
produces an atom and a diatom in a state very near
threshold, the energy released may be small enough that
the atom is not lost, but remains trapped along with a
fraction of the energy released [59]. This heating con-
tributes kBTi,H per lost atom. The combination of these
two effects gives
E˙i,3 = (2Ti − Ti,H) kBN˙i,3, (A.9)
T˙i,3 = Ki,3
〈
n2i
〉
sp
Ti + Ti,H
3
. (A.10)
We also introduce an additional term T˙i,ODT to ac-
count for extra heating from the trapping potential.
We now consider interspecies collisions and the ther-
malization they cause, as modeling these is our primary
purpose. The average energy transfer in a hard-sphere
collision is [56]
∆ECs→Yb = ξkB∆T, (A.11)
where ∆T = TCs − TYb and
ξ =
4mCsmYb
(mCs +mYb)
2 (A.12)
reduces the energy transfer for collisions between atoms
of different masses. If the collisions are not classical hard-
sphere (or purely s-wave) in nature, then different deflec-
tion angles Θ should be weighted by a factor of 1− cos Θ
[70, 71] and the average energy transferred per collision
varies from Eq. A.11. Such effects are not included ex-
plicitly in this simple kinetic treatment, so the resulting
cross sections and collision rates should be interpreted as
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effective hard-sphere quantities. We include the effects of
deflection angles when we calculate thermalization cross
sections from scattering theory in Sec. IV.
In the hard-sphere model, the total energy transferred
is just the average energy transferred in a hard-sphere
collision multiplied by an effective hard-sphere collision
rate ΓCsYb, giving
E˙Cs,therm = −ξkBΓCsYb∆T, (A.13)
E˙Yb,therm = +ξkBΓCsYb∆T, (A.14)
and
T˙Cs,therm = −ξΓCsYb∆T
3NCs
, (A.15)
T˙Yb,therm = +
ξΓCsYb∆T
3NYb
. (A.16)
Since thermalization collisions do not produce loss,
N˙i,therm = 0. We can relate the effective rate to an ef-
fective cross section σCsYb through the relation ΓCsYb =
n¯CsYbσCsYbv¯CsYb. Here,
v¯CsYb =
√
8kB
pi
(
TYb
mYb
+
TCs
mCs
)
(A.17)
is the mean collision velocity. The spatial overlap n¯CsYb
is found by integrating the density distributions of the
two species
n¯CsYb =
∫
[nCs,single (r) + nCs,cross (r)]nYb (r) d
3r
= NYb
m
3/2
Yb ω
3
Yb
2pikB
 NCs,single(
TYb + β
−2
singleTCs
)3/2 + NCs,cross(
TYb + β
−2
crossTCs
)3/2
 , (A.18)
where β2j = mCsω
2
Cs,j/mYbω
2
Yb, where j = {single, cross}
denotes the different cases for Cs atoms trapped in the
crossed- and single-beam regions. Eq. A.18 holds true
for two clouds centered at the same position, but if the
positions of the two clouds are offset in the z direction by
∆z then the spatial overlap must be reduced by a factor
Fz (∆z) = exp
(
− mYbω
2
Yb,z∆z
2
2kB
(
TYb + β
−2
crossTCs
)) . (A.19)
In our case, the displacement of the clouds is due to grav-
itational sag and
∆z = g
(
1
ω2Cs,z
− 1
ω2Yb,z
)
, (A.20)
where g is the acceleration due to gravity.
Combining all these contributions gives Eqs. 1 and 2.
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